Abstract. We demonstrate that high-resolution 557.7-nm all-sky images are useful tools for investigating the spatial and temporal evolution of merging on the dayside magnetopause. Analysis of ground and satellite measurements leads us to conclude that high-latitude merging events can occur at multiple sites simultaneously and vary asynchronously on time scales of 30 s to 3 min. Variations of 557.7 nm emissions were observed at a 10 s cadence at Ny-Ålesund on 19 December 2001, while significant changes in the IMF clock angle were reaching the magnetopause. The optical patterns are consistent with a scenario in which merging occurs around the rim of the high-latitude cusp at positions dictated by the IMF clock angle. Electrons energized at merging sites represent plausible sources for 557.7 nm emissions in the cusp. Polar observations at the magnetopause have directly linked enhanced fluxes of ≥0.5 keV electrons with merging. Spectra of electrons responsible for some of the emissions, measured during a DMSP F15 overflight, exhibit "inverted-V" features, indicating further acceleration above the ionosphere. SuperDARN spectral width boundaries, characteristic of open-closed field line transitions, are located at the equatorward edge of the 557.7 nm emissions. Optical data suggest that with IMF B Y >0, the Northern Hemisphere cusp divides into three source regions. When the IMF clock angle was ∼150 • structured 557.7-nm emissions came from east of the 13:00 MLT meridian. At larger clock angles the emissions appeared between 12:00 and 13:00 MLT. No significant 557.7-nm emissions were detected in the prenoon MLT sector. MHD simulations corroborate our scenario, showing that with the observed large dipole-tilt and IMF clock angles, Correspondence to: N. C. Maynard (nmaynard@mrcnh.com) merging sites develop near the front and eastern portions of the high-altitude cusp rim in the Northern Hemisphere and near the western part of the cusp rim in the Southern Hemisphere.
Introduction
Ground-based observations are important because they allow the temporal evolution of phenomena to be followed. This is especially important for the study of reconnection, perhaps the most important process occurring on the magnetopause. This process is generally viewed only as a transient in spacecraft observations. If we could monitor the temporal behavior of reconnection over periods of hours, we could understand how merging evolves at any one location, how extensive that location may be, and how merging at multiple locations combines to provide the drivers for convective motions in the ionosphere and magnetosphere. In our earlier papers we showed that the fast responses of 557.7-nm emissions to changes in source properties in all-sky images of the cusp are ideal for following temporal and spatial variations in the dayside merging process (Maynard, 2003 (Maynard, , 2004 . We interpret these 557.7-nm signals as footprints of magnetopause merging. In a sense, these footprints provide "television" records of the temporal and spatial variability of interplanetary magnetic field (IMF) coupling to the magnetosphere. This paper (1) ties optical responses to variations in the IMF, (2) provides a plausible mechanism for this coupling, (3) places the 557.7-nm observations in the context of SuperDARN radar and 630.0-nm optical observations, and (4) derives characteristics of the merging process based on the optical variations.
On 19 December 2001, 557.7-nm all-sky images were acquired at 10-s intervals at Ny-Ålesund. Characteristic variations in the optical measurements coincided with times when large variations in the IMF clock angle were expected to reach the magnetosphere. To reach and support the above conclusions, we begin by establishing the large geophysical context for understanding the Ny-Ålesund measurements. Solar wind and IMF measurements acquired near the first Lagrangian point (L1) by sensors on the Advanced Composition Explorer (ACE) spacecraft are compared with those of Cluster to estimate actual transport times to Earth. Particle and field measurements from sensors on two Defense Meteorological Satellite Program (DMSP) satellites are used to specify approximate locations of the prevailing large-scale convection pattern and morning/afternoon segments of cusp precipitation. Keogram representations of optical emissions detected at 557.7 and 630.0 nm by meridional scanning photometers at Ny-Ålesund between 09:10 and 10:10 UT establish the local context for the analysis of all-sky images taken near 09:15 UT and between 09:48 and 09:58 UT. Images from the latter period are compared with Super-DARN radar measurements from Pykkvibaer, Iceland and Hankasalmi, Finland, to establish correspondences with local plasma flows and spectral-broadening boundaries. A plausible tie between the 557.7 nm emissions and the merging process is introduced with non-concurrent Polar data and supported by the DMSP overflights. The discussion section integrates the present observations to establish their relationships with previously reported measurements and with predictions of the Integrated Space weather Model (ISM) ). These conclusions draw on a number of recent results, which are first introduced below. Maynard et al. (2001c) compared short-period wave structures measured in the upstream interplanetary magnetic field (IMF) with similar electric field variations detected by a sounding rocket launched from Ny-Ålesund, Svalbard into the dayside cusp region. Correlations observed during the rocket flight indicated that the lag time between the Lagrangian point and Earth was considerably less than the advection time. Such lag times require that, through IMF B X , planes of constant phase for the interplanetary electric field (IEF) tilt with respect to the Y-Z plane. The analysis indicated that magnetic merging near the Southern Hemisphere cusp produced the observed Northern Hemisphere electrical field variations. Moreover, the sequence of brightened 557.7-nm emissions imaged by a high-resolution, all-sky camera matched ionospheric electric-field signatures of enhanced merging. Maynard et al. (2001c) also found that IMF B Y bifurcated the cusp so that features in the all-sky observations could be identified with separate Northern or Southern Hemispheres sources. They postulated that merging occurs around the rim of the cusp at locations wherever the draped IMF is nearly antiparallel to terrestrial field lines abutting the magnetopause. Weimer et al. (2002) demonstrated a technique for determining variable lag times of signals propagating between satellites in the solar wind. Comparing lag times between ACE and three other satellites, they derived orientations of tilted phase planes and showed that the orientation could change dramatically within 10 min. Lag times to magnetopause locations could be either longer or shorter than the advection times whenever IMF B X was a significant component. Calculating lag times correctly is critical for relating specific features in the upstream solar wind with dynamics observed in near-Earth space. Maynard et al. (2003b) determined that whenever the IMF clock angle is <150 • , merging most often occurs at high latitudes near the cusp. Relevant data were acquired by Polar while skimming the magnetopause and by Cluster in the Northern Hemisphere cusp. SuperDARN monitored the ionospheric response. Both data and magnetohydrodynamic (MHD) simulations suggested that merging can move away from equatorial latitudes even when the IMF has a strong southward component if the dipole tilt angle is large.
Much of our present understanding of cusp optical morphology evolved from analyses of data captured by 630.0-nm meridian scanning photometers. Low-energy cusp electrons excite oxygen atoms into the metastable O( 1 D) state, whose lifetime for emitting a photon is ∼100 s. Most 630.0-nm emissions come from altitudes >200 km where non-radiative collision rates are low. By contrast, the lifetime for atoms in the O( 1 S) state to emit 557.7 nm photons is ∼1 s. Rees (1963) showed that 1 keV (0.5 keV) electrons lose most of their energy near 150 km (190 km) . Since energies of most electrons precipitating in the cusp are <1 keV, most 557.7-nm emissions in the cusp are expected to originate in this range of altitudes. The relatively quick relaxation time of O( 1 S) allows us to use 557.7-nm responses to identify short time-scale variations of cusp sources (Maynard et al., 2001c; Maynard, 2003a, b) . Sandholt et al. (1996 Sandholt et al. ( , 1998 described seven categories of 557.7-and 630.0-nm dayside auroral responses to varied orientations of the IMF. Categories 1 and 2 are dominated by 630.0-nm emissions that occur during periods of southward and northward IMF, respectively. They have sharp boundaries collocated with the equatorward and poleward boundaries of cusp precipitation. Category 3 was associated with weak and diffuse 557.7-nm emissions caused by plasma sheet electrons precipitating equatorward of the cusp. Category 4 (5) and 6 (7) emissions occur on the dawn (dusk) edges of the cusp, for IMF conditions with northward and southward components, respectively. They often manifest "fan-arc" structures, characterized by relatively intense 557.7-nm emissions associated with electron precipitation from low-latitude boundary layers. Sandholt and Farrugia (2002) and Sandholt et al. (2002) found that, during transitions between northward and southward IMF, category 1 and 2 emissions may coexist for short periods. All-sky images show strong and variable 557.7-nm emissions on the poleward edge of the cusp during the period of northward IMF .
The spectral widths of high frequency (HF) radar echoes detected by SuperDARN receivers broaden in the cusp region . The low-latitude edge of increased spectral width is often abrupt and is used as a dayside proxy to mark the equatorward boundary of cusp precipitation and the open-closed boundary (Baker et al., 1997) . and Moen et al. (2001a) located the spectral-width boundary within 1 • latitude of the cusp boundary. Due to time-of-flight effects the spectral-width boundary may be displaced poleward of the open-closed boundary (Pinnock and Rodger, 2001) . Chisham et al. (2002a) showed that in the Southern Hemisphere during an IMF B Y <0 interval the prenoon spectral-width boundary was ∼2 • poleward of its postnoon location. They attributed the difference to two separate reconnection sites located in opposite hemispheres. Tied to the distant merging site, plasma flow near the morning sector boundary appeared to be nearly steady. The displacement of that boundary was from convection during the time-of-flight from the distant source. Large line-of-sight flow bursts characterized the afternoon boundary that was tied to the nearhemisphere merging site. The pre-and post-noon regions were distinct and separated. In another event, sunward convection observed between the two regions confirmed the predictions of Coleman et al. (2001) for antiparallel merging at solstice (Chisham et al., 2002b) . It should be noted that the precise determination of the boundary between large and small spectral widths can be difficult. An assessment of the accuracy in determining such a boundary can be found in Chisham and Freeman (2003) .
Measurement techniques
Ground-based optical instruments at Ny-Ålesund on the island of Spitzbergen in the Svalbard archipelago included meridian-scanning photometers recording emissions at 630.0 and 557.7 nm. The scanning direction was near the magnetic meridian on a line between Ny-Ålesund and Longyearbyen (78.2 • N, 15.7 • E). A meridian scan was made every 20 s. All-sky photometric measurements were recorded every 10 s, recording 557.7-nm images for 2 out of every three intervals and 630.0-nm emissions in the third interval. Integration times for each observation were 5 s, with the assigned time being at the beginning of the measurement. Thus, allsky measurements at 557.7 nm were available with basically a 10-s repetition rate while images at 630.0 nm were made every 30 s. The all-sky images of the 557.7-nm (630.0-nm) emissions have been projected onto a sphere at 150 or 190 km (220 km) and superposed onto a geographic (geomagnetic) map.
Dayside SuperDARN radar data have been used to identify the cusp by relating an increase in the spectral width of the return signals with crossing the open-closed boundary (e.g. Baker et al., 1995; Chisham et al., 2002a, b) . Like the optical data, SuperDARN provides a two-dimensional picture of the dayside dynamics when return echoes are strong enough to be detected. With 16 beam directions and up to 70 range gates along each beam, lineof-sight ion drifts can be determined over a large region. On 19 December 2001, the CUTLASS pair, located at Hankasalmi, Finland, and Pykkvibaer, Iceland, was operated on 2-min scans with an integration time of 7 s along each beam. The Hankasalmi radar was swept from east to west while the Pykkvibaer radar was swept from north to south. The times associated with the radar plots are the beginning times of the sweeps.
DMSP satellites are three-axis stabilized spacecraft that fly in circular, sun-synchronous polar orbits (inclination 98.8 • ) at an altitude of 840 km. The geographic local times of the orbits are either near the 18:00-06:00 LT (F 11, F13) or 21:00-09:00 LT (F12, 14, 15) meridians. We present observations from F13 and F15. Due to offsets between the geographic and geomagnetic poles DMSP satellites sample wide ranges of magnetic local times over the course of a day. The ascending nodes of DMSP orbits are on the dusk side of the Earth. Thus, the satellites move toward the northwest (southeast) in the evening (morning) sector. Each satellite carries a suite of sensors to measure (1) fluxes of auroral particles (SSJ4), and (2) densities, temperatures and drift motions of ionospheric ions and electrons (SSIES). All of the satellites except F11 carry magnetometers (SSM) to monitor perturbations of the Earth's magnetic field.
Identical SSJ4 sensors are mounted on the top surfaces of DMSP satellites to measure fluxes of down-coming electrons and ions in 19 logarithmically spaced energy steps between 30 eV and 30 keV (Hardy et al., 1984) . Unfortunately, fluxes of ions with energies below 1 keV are unavailable from the F15 satellite. SSIES consist of a spherical Langmuir probe mounted on a 76-cm boom to measure the densities and temperatures of ambient electrons and three separate sensors mounted on a conducting plate facing in the ram direction. These are: 1) an ion trap to measure the total ion density, 2) an ion drift meter to measure the horizontal (VH) and vertical (VV) cross-track components of plasma drifts, and 3) a retarding potential analyzers (RPA) to measure ion temperatures and in-track components of plasma drift V ||v , (Rich and Hairston, 1994) . RPA current-voltage sweeps also indicate relative concentrations of heavy (O + ) and light (H + , He ++ ) ions. Ion drift meter data are combined with spacecraft ephemeris and model magnetic field values to calculate the in-track component of electric fields. These are then integrated along the trajectory to estimate distributions of electric potential.
SSM sensors are triaxial fluxgate magnetometers that are mounted on the bodies of the F12-F14 spacecraft. For DMSP flights 15 and higher, magnetometers are mounted on 5-m booms, making them less susceptible to spacecraftgenerated contamination than their body-mounted predecessors. Magnetic field components were sampled at rates of 12 s −1 and are presented in a satellite-centered coordinate system. The X and Y axes point downward and along the spacecraft velocity, respectively. The Z-axis completes a right-hand coordinate system. Positive Z generally points in the antisunward direction. Data are presented as differences between measured values and those assigned by the IGRF-90 magnetic field model (δB X , δB Y , δB Z ). Near-in-time observations from the SSM, SSIES and SSJ4 sensors on the F13 and F15 spacecraft are used to corroborate and interpret optical and radar measurements.
The ACE spacecraft monitors interplanetary conditions while flying in a halo orbit around the L 1 point in front of the Earth. At the time of the measurements ACE was located near (X, Y, Z) GSE =(234, 25, 11) R E . The solar wind velocity was measured by the Solar Wind Electron, Proton, and Alpha Monitor (SWEPAM) (McComas et al., 1998) . A tri-axial fluxgate magnetometer measured the interplanetary magnetic field vector (Smith et al., 1998) .
At the time of interest on 19 December 2001, the Cluster spacecraft were located in the postnoon magnetosheath on the flank near GSE location (5.5, 18.3, −1.2) R E . Magnetic field measurements were made on each of the Cluster spacecraft by tri-axial fluxgate magnetometers (Balogh et al., 2001) . We use measurements from Cluster 1 to determine the lag time from ACE to the magnetosheath.
In 2001 Polar's apogee (9 R E ) was near the equator. As a consequence, for long intervals in March-April the orbit skimmed from south to north, along the dayside magnetopause. Polar closely followed magnetopause responses to temporal changes of the IMF and solar-wind pressure. Several sensors on Polar are used in this study. The Hydra Duo Deca Ion Electron Spectrometer (DDIES) (Scudder et al., 1995) consists of six pairs of electrostatic analyzers looking in different directions to acquire high-resolution energy spectra and pitch-angle information. High-resolution distributions of electrons with energies between 1 eV and 10 keV and ions with energies per charge ratio of 10 eV q −1 to 10 keV q −1 are provided every 2.3 s. The electric field instrument (EFI) (Harvey et al., 1995) uses a biased double probe technique to measure vector electric fields from potential differences between 3 orthogonal pairs of spherical sensors. This paper presents measurements from the long wire antennas in the satellite's spin plane. The Magnetic Field Experiment (MFE) (Russell et al., 1995) consists of two orthogonal triaxial fluxgate magnetometers mounted on nonconducting booms. The electric and magnetic fields were sampled 40 and 20 s −1 , respectively. Data presented in this paper were spin averaged using a least-squares fit to a sine function. Because of the orbital constraints, which keep Polar from sampling the cusp in December, measurements presented are from April 2001, and are not simultaneous with the other measurements presented.
The integrated space weather prediction model (ISM)
In the MHD simulations described here, ISM operates within a warped cylindrical computational domain whose origin is at the center of the Earth. Its domain extends 40 R E sunward, and 300 R E anti-sunward in direction, and 60 R E radially from the Earth-Sun line. The cylindrical domain has an interior spherical boundary approximately located at the bottom of the E-layer (100 km). The cylindrical to spherical interface is at 3 R E , which is pure spherical out to 3.5 R E and warps to pure cylindrical at large distances.
ISM uses standard MHD equations augmented by hydrodynamic equations in the collisionally-coupled thermosphere. Conceptually, as one moves toward the Earth, equations transition seamlessly from pure MHD in the solar wind and magnetosphere to those proper to the low-altitude ionosphere/thermosphere. The simulations discussed here contain specifically selected parameters and simplifying approximations. Finite-difference grid resolution varies from a few hundred kilometers in the ionosphere to several R E near the computational domain's outer boundary. At the magnetopause, resolution ranges from 0.2 to 0.8 R E . Explicit viscosity in the plasma momentum equation was set to zero. To approximate non-linear magnetic reconnection the explicit resistivity coefficient ν in Ohm's Law equation is zero if current density normal to B is less than 3.16·10 −3 A m −2 . In regions with perpendicular current densities above this threshold, ν=2·10 10 m 2 s −1 . In practice, this choice of ν leads to non-zero explicit resistivity near the subsolar magnetopause, and in the nightside plasma sheet. Dissipation, where needed to maintain numerical stability, is based on the partial donorcell method (PDM) as formulated by Hain (1987) .
Observations
The global context for this December event is provided by the IMF, DMSP, and the meridian scanning photometer data in the first three subsections. In Sects. 4.4, 4.5 and 4.7 we present the 557.7-nm optical images and their associations with the global perspective through direct correlation. Comparisons with SuperDARN observations are made in Sect. 4.6. In Sect. 4.8 we show Polar observations which were made at the magnetopause in April 2001, to suggest the source of the 557.7-nm emissions. Section 4.9 uses a direct over-flight of DMSP to tie this suggestion to the optics. Interpretation and synthesis is provided in the Discussion (Sect. 5).
IMF measurements
Figures 1b-1d show the three components of the IMF measured by ACE (black traces) between 07:00 and 09:00 UT on 19 December 2001. During the periods of interest the average solar wind density and speed were approximately 2.5 cm −3 and 420 km/s, respectively. Using the ACE velocity, the advection times between the positions of ACE and Cluster were determined (between 57 and 63 min) and plotted in Fig. 1a (green trace). The advection time was calculated without consideration of the additional delay imposed by crossing the bow shock (2-3 min). As mentioned above, Weimer et al. (2002) showed that lag times are variable and may differ significantly from advection times, especially in the presence of a significant B X . Owing to the dipole tilt and B X , interaction times may not be the same for the two hemispheres (Maynard et al., 2001c) . The Weimer et al. (2002) technique was used to calculate the variable lag times between ACE and Cluster (red trace in the top panel). Lag times ranged between 65 to 72 min in the interval of interest. The Cluster magnetic field data were then time adjusted to the ACE position by the variable lag and overlaid over the ACE data. The Cluster magnetic field values have been multiplied by 0.27 to accommodate the amplitude increase, which was experienced by crossing the bow shock into the magnetosheath. Negative B X combined with a dipole tilt away from the Sun suggests that the first interaction between the IMF and the magnetosphere occurred in the Southern Hemisphere. Positive IMF B Y indicates that merging can be expected on the dawn/dusk side of the southern/northern cusp.
Since the IMF clock angle is preserved across the bow shock (Song et al., 1992; Maynard et al., 2003b) , it is a sensitive indicator for determining the orientation of the IMF that couples to the magnetosphere-ionosphere, thereby constraining possible merging locations. We use clock angles to estimate proper lags from ACE to the ionosphere. The insert in Fig. 1a plots the observed clock angle at ACE used in the comparisons below. The heavy black lines are meant to direct the reader's attention to changes in the clock angle observed at ACE that are rapid near 08:00 UT and from 08:30 to 08:50 UT, and slow near 08:15 UT. These intervals are the focus of the observations presented below.
The coupling time from the merging sites to the northern ionosphere depends on whether merging proceeds at high latitudes near the local or conjugate cusp, or near the sub-solar magnetopause. We fine-tune estimates of the interaction times from multiple sites in the discussion. Cluster was in the magnetosheath near GSE location (5.5, 18.3, −1.2) R E . The delay to this flank location appears similar to the delay to the cusp ionosphere. We associate a 557.7-nm optical brightening observed near 09:55 UT with a clock angle turn to 180 • near 08:46:30 UT. At this time the lag to Cluster was increasing from 65 to 70 min. We approximate the lag time from ACE to Earth during this clock angle variation as 69.5 min. Earlier optical variations near 09:10 UT are related to the IMF with a 71-min lag.
DMSP measurements
On 19 Attention is directed to the two small inverted-V structures, which occurred between 09:24:00 and 09:24:27 UT (better visible in the expanded plot in Fig. 15 ). Peak energies of ∼2 keV are consistent with the electrons having undergone field-aligned acceleration. Their locations near 72.9 • MLat and 13.7 • MLT places these events to the south and east of Ny-Ålesund. Integration of the equivalent along-track electric field to determine the potential distribution along the spacecraft trajectory shows that F15 remained in the afternoon convection cell throughout the period of interest. A potential minimum of −47.2 kV was measured at MLat=75.3 • and MLT=17.1. suggests that F13 crossed only a small portion of the morning convection cell to which cusp particles have access. The stability of the large-scale electrodynamics detected by F13 and F15 in the high-latitude ionosphere is consistent with the variable IMF B Y >0 and B Z <0 conditions observed by ACE after 08:10 UT, but with a dominant clock angle ∼135 • (Fig. 1 ).
Meridian scanning photometer measurements
Figure 3 provides an overview of the optical dynamics over the period of interest as 630.0-nm (top) and 557.7-nm (bottom) emissions observed between 09:10 and 10:10 UT by magnetic-meridian scanning photometers (MSP) at Ny-Ålesund. All 630.0-nm emissions fall into category 1, as cataloged by Sandholt et al. (1998) . Category 1 emissions generally have a sharp lower border and are characteristic of IMF orientations with negative B Z . Dynamic cusp features evident in 630.0 nm data have been previously referred to as poleward moving auroral forms (PMAFS) (Vorobjev et al., 1975; Sandholt et al., 1986; Fasel, 1995) . Such structures are typically seen for clock angles between 90 • and 140 • (Sandholt et al., 2004) . They appear as a-periodic emission structures that move poleward with convection from lower latitude initiation points. Several 557.7-nm features are seen with three exceeding intensities >2 kR. The strongest begin near 09:50 UT and are MSP signatures of optical structures presented in the all-sky images of Figs. 4-9. Of importance to this study is the fact that MSP data provide records of largescale intensifications at the local time of the station. All-sky images simultaneously cover several hours of local time. We argue that the 557.7-nm all-sky images resolve spatial and temporal details of interaction processes.
All-sky imager measurements
High-resolution 557.7-nm all-sky images acquired at Ny-Ålesund on 19 December 2001, were usually recorded at a 10-s cadence. However, for every third image the imager shifted to observe at 630.0 nm, leaving gaps in the 10-s record. Figure 4 shows a sequence of the 557.7-nm images, starting at 09:48:10 UT. The emissions have been projected to 190 km and overlaid on a geographic map. The white arrow in the upper left image points toward magnetic north. Vertical auroral rays in all-sky pictures may appear as emissions along a line pointing to magnetic zenith, located just below the center of the image. The auroral emissions on the dusk (right) side of these images, which are elongated toward magnetic zenith, can be interpreted as rayed forms with the footprints near the edge or just outside of the image. Red, yellow and pink fiducials have been placed at the edge of each image to help the reader follow temporal changes at particular locations. Each fiducial is roughly oriented toward magnetic zenith, and a circle or square appears at the base of fiducial lines to indicate enhanced emissions.
In the early part of this sequence emissions near the red and yellow fiducials were weak. At ∼09:49:30 UT emissions intensified near the yellow fiducial. After 09:51:00 UT they weakened and then alternated between small enhancements and weakenings during the remainder of Fig. 1 . Emissions first appeared near the pink fiducial at 09:51:10 UT. Emissions also strengthen near the red fiducial from 09:50:00 to 09:51:40 UT. In fact, a smaller enhancement appeared at 09:49:00 UT in line with the red fiducial at the northern edge of the emissions and away from the edge of the field of view. Some of the early emissions near the red fiducial originate just outside the field of view. Following the conceptual diagram of Maynard et al. (2001c) , we believe that multiple merging sites became active on the magnetopause for varying intervals during this 4.5-min sequence. Figure 5 continues the red fiducial. However, emissions came and went near the yellow fiducial and in the vicinity of three new fiducials (green, orange, and white), located to the magnetic south and west of Ny-Ålesund. Between 09:54:00 and 09:55:10 UT emissions appeared near the orange fiducial. For the next two minutes dominant emissions came from near the white fiducial. A 40-s enhancement developed near the magnetic meridian of Ny-Ålesund (green fiducial). By the time of the last few images, emissions faded at all locations. Over the 9-min interval spanned by Figs. 4 and 5, 557.7-nm emissions underwent dramatic changes in the location and intensity. In the roughly three hours of MLT sampled by the images, there is no location where emissions were constant.
Between 08:35 and 08:50 UT, ACE observed a rapid change in the IMF clock angle (Fig. 1) . Dipole tilt interacts with B X to set the interaction times in each hemisphere, which may be unequal (Maynard et al., 2001c) . The negative B X and the tilt away from the Sun of the dipole in this case mean that the first interaction of the IMF with the magnetosphere will be in the Southern Hemisphere. The positive B Y places the interaction on the dawn side in the south and on the dusk side in the north. The IMF clock angle is preserved across the bow shock near the nose (Song et al., 1992; Maynard et al., 2003b) . It becomes a sensitive indicator of the proper lag in the magnetosheath, thereby defining the orientation of the IMF that couples into the magnetosphere-ionosphere system through merging. As shown below, we associate optical variations presented in depend on whether the interaction occurs near the local cusp, the sub-solar magnetopause, or the conjugate cusp. Figure 6 presents six 557.7-nm images and a plot of clock angles measured by ACE. The white arrow in the upper left image points to magnetic north. We associate changes in the clock angle observed at ACE just after 08:35 UT with changes in the emissions using an effective lag time of 68.5 to 69.5 min for the period encompassed in Figs. 4 and 5. This lag time appears reasonable when compared to the 65 to 69 min lag to Cluster in the dusk magnetosheath ( Figure  1b) . A lag of 68.5 min has been used for the examples in Our comparison with the IMF clock angles continues in Fig. 7 using a lag of 69.5 min. In Fig. 7a (09:54:10 UT) emissions appeared near the orange fiducial to the magnetic west of Ny-Ålesund while the clock angle approached 180 • . As the clock angle briefly decreased from 180 • , the emissions appeared near the green fiducial (Fig. 7b) , slightly to the west of Ny-Ålesund's magnetic meridian. clock angle reached 155 • in the last image with 557.7-nm emissions mostly near the yellow fiducial. Maynard et al. (2001c) suggested that the merging maximizes near the edge of the high-altitude cusp at locations that depend on IMF clock angles. Figures 4-7 clearly illustrate how the locations of the 557.7-nm emissions closely follow clock angle variations. These data also show that multiple locations can be active at the same time. With clock angles ≤150 • , emissions came from the east of Ny-Ålesund. At larger clock angles source locations moved toward earlier magnetic local times. If we equate variations in the intensities and locations of 557.7-nm emissions with changes in rates and locations of merging on the magnetopause, we can follow the dynamics of IMF coupling to the magnetosphere that drives ionospheric convection. In what follows we attempt to solidify this interpretation by relating the optical observations to other data sets, by continuing the comparison to other intervals, and by offering a plausible cause for the emissions. • . In Fig. 9a , a bifurcation is not obvious. However, emissions at both wavelengths, from west of Ny-Ålesund, are at higher latitudes than those from the east. Note that the detailed structuring of 557.7-nm emissions are less evident in the 630.0-nm images. This reflects a spatial smearing due to the long lifetime of the O( 1 D) state. As anticipated, the 630.0-nm emissions extend in magnetic local time over much more of the cusp region. We clearly associate the 557.7-nm emissions with the cusp derived from 630.0-nm observations (e.g. Sandholt et al., 1998) . However, the tie to merging as the direct source observations of 557.7-nm emissions from east of 13:00 MLT places the cusp morphology in a new light. We return to this point in the discussion below. 
SuperDARN measurements
Figure 10 is a composite of the radar and optical data for the two-minute period starting at 09:52 UT. Figures 10a and  10b show the line of sight velocity distributions detected at Pykkvibaer and Hankasalmi, respectively. Figure 10c plots the spectral width determined by the Hankasalmi radar. Figures 10d , 10e, 10f and 10g depict the all-sky data on comparable scale plots. How well the plots compare depends in part on the accuracy of our assumptions about the altitudes of the source data. The 557.7-nm emissions are projected to altitudes of both 150 and 190-km to capture the range of optical responses due to differences in energies of source electrons. Figures 10e and 10f show the 190 km projections of the 557.7-nm data at 09:52:30 and 09:53:30 UT to illustrate the variability of the local dynamics during the 2-min radar scan. The 630.0-nm data were projected to 220 km and are displayed in MLat-MLT coordinates. The MLT of three meridians at the times of observations are noted. Our best estimate of the boundary between regions of high and low spectral width as determined in Fig. 10c , is overlaid on the other panels (as white lines on the all-sky figures). Note that the spectral-width boundary is split into two parts, reflecting toward and away bifurcations of ion drift measurements and a region where echoes are weak to non-existent. The split occurs in the region where the optical properties of 630.0 nm emissions change, as marked by orange circles in Figs. 8 and 9, as well as in Fig. 10 . The bifurcation between the east and west branches is striking in Fig. 10b .
The SuperDARN boundaries match the equatorward boundary of optical emissions quite well. The plasma velocity observed at Hankasalmi is toward the radar on the east side of the pattern and away on the west. This is consistent with the dusk-dawn flow in the cusp expected under positive B Y IMF conditions. At Pykkvibaer in the region straddling the western boundary segment (red box) the flow is mixed. Two minutes earlier the flow in that region was strongly westward. Strong away flow also straddles this boundary in this region at Hankasalmi. The flow components from both radars combine to indicate a dusk-dawn flow or a poleward flow. These directions are expected poleward of the openclosed boundary, but not equatorward of it. The conclusion would be that the derived boundary is probably poleward of its actual location. Chisham et al. (2002a, b) suggested that a poleward displacement of the spectral width boundary should be expected when merging proceeds in the opposite hemisphere. A longer transmission time results for energy to traverse to the observational site and heat the plasma, during which the field lines have been convected poleward and westward. Even subsolar merging would provide some poleward displacement compared to merging near the local hemisphere cusp. Only ground scatter is observed by the Pykkvibaer radar from the region over Ny-Ålesund. This is typical of the data on this day.
Scans beginning at 09:54 UT are given in Fig. 11 . DMSP F13 entered the radar fields of view during this period. Its position at the start of the scan is marked by the small orangefilled circle. The approximate position where DMSP later crossed the open-closed boundary is indicated by an open circle near the east coast of Greenland. The interval includes the onset of 557.7 nm emissions from west of Ny-Ålesund, which we identified with the IMF clock angles' switch to ∼180 • . Six hundred and thirty-nm emissions are also more intense in this region. A comparison of images of Figs. 11e and 11f show that 557.7-nm emissions intensified during the sweep. Note that plasma flow recorded by Pykkvibaer near the west spectral-width boundary has switched back to strongly westward (blue), as it was at and prior to 09:52 UT. Plasma flows away from Hankasalmi remained very strong in the western beams, consistent with the spatial distribution observed by the DMSP F13 drift meter. The 557.7-nm emissions continued to be strongest near the spectral width boundaries. Again, the spectral width boundaries and the Hankasalmi flows are split in the region highlighted by the large orange circle.
Our comparison of radar and optical measurements at these and other times confirms the validity of using Super-DARN spectral-width boundaries as proxies for the openclosed field line boundary. It coincides with the location of the 557.7-nm emissions which we are associating with active merging. For the most part, it is also near the equatorward edge of the 630.0-nm emissions, at least in the eastern segment of the boundary. While the emissions just to the west of Ny-Ålesund came from locations close to the boundary, those coming from still further to the west tended to be poleward of the spectral-width boundary. The western segment of the spectral-width boundary was poleward of the eastern segment, especially when the clock angle was smaller, emphasizing that the source region for each is different, probably with longer transit times to the western source (Chisham et al., 2002) . Note that the latitude difference between the western and eastern segments is less in Fig. 11, which 
Earlier time intervals
If this association of the 557.7-nm emissions with the IMF is robust, we should be able to associate other time intervals in the same way. A 15-min interval, 25 min after local magnetic noon, is explored in Fig. 12 . This 09:10 to 09:15 UT period is one of enhanced emissions in both 557.7 and 630.0 nm as seen in the meridian scan data of Fig. 3 . It was found that a longer lag of 71 min was needed, consistent with the variable lag displayed in Fig. 1 (Fig. 1d) . Figures 12e and 12f correspond to the change in clock angle. The emission pattern in Fig. 12e shifted eastward relative to that found in the previous 557.7-nm images, as anticipated from the smaller clock angle. Figures 12c and  12f show strong emissions in the center of the band. The region to the east is also enhanced in Fig. 12f . The orange circle in each highlights a break in the emissions. This is located at the same local time, ∼13:00 MLT, as the break in the emissions (Figs. 8a-8c and 9a-9c ) and in the spectral width boundary seen later near 09:50 UT. There is a second place where the character of the 630.0 nm emissions change, which is just before magnetic noon and highlighted in Fig. 12 by the yellow circles. This region would be out of the optical field of view in Figs. 8d-8f. The F13 DMSP potentials measured later in UT suggest that the tip of the morning convection cell should be associated with the emissions to the west of this second break. The strong emissions in between the yellow and orange circles appear at a time when the clock angle is of the order of 160 • . Of importance here is the observation that the 557.7-nm emission locations change with clock angle and are continually varying with time and location, similar to the behavior observed near 09:50 UT, and to that anticipated from the conceptual picture of source regions of Maynard et al. (2001c) . We return to these points in our discussion of possible source configurations.
Polar observations of keV electrons associated with merging
The previous sections established a plausible dependence of 557.7-nm variability on changes in the IMF clock angle. We next develop a rationale for interpreting these variations as signatures of merging based on Polar observations of enhanced electron fluxes conjugate to active merging sites on the magnetopause. Unfortunately, Polar's orbital plane is far from the dayside magnetopause and active merging sites in December, when optical images of cusp dynamics may be acquired at Ny-Ålesund. This association must be made indirectly. We begin by noting that precipitating electrons with energies (E) of ∼500 eV stop at altitudes near 190 km (Rees, 1963 ). Higher energy electrons penetrate deeper; 1 keV electrons lose most of their energy near 150 km. Excitation of the 557.7-nm atomic oxygen line falls off at higher altitudes because of decreased neutral density. Significant 557.7-nm emissions, therefore, require electron fluxes with E≥0.5 keV. Magnetic merging at the magnetopause breaks electron gyrotropy and changes the pitch angle distribution of trapped plasma sheet electrons, creating a field-aligned high-energy tail in the distribution at energies >0.5 keV. Maynard et al. (2003b) identified a number of merging events during Polar crossings of the dayside magnetopause, from signatures of accelerated ions, wave Poynting flux and, in some cases, successful Walén tests. In many cases merging occurred at high latitudes. Figure 13 presents data acquired during a sequence of magnetopause crossings on 1 April 2001. Figure 14a shows the field-aligned component of wave Poynting flux ( E× B/µ 0 ), consistent with Alfvén waves carrying electromagnetic energy and field-aligned current away from merging sites (Maynard et al., 2003b) . Figures 13b,  13c , and 13d show the total electron number density, the integral number density above 300 eV and the integral electron number density above 1 keV, respectively. Figure 13e shows the Z component of measured magnetic fields. In this case magnetopause crossings are identified by transitions from northward (red) to southward (blue) magnetic polarity. The bottom half of Fig. 13 shows differential fluxes of electrons (Figs. 15f, 15g ) and ions parallel (Fig. 13h) , perpendicular (Fig. 13i) and antiparallel (Fig. 13j) to the magnetic field, measured by HYDRA and presented in energyversus-time spectrogram formats. Attention is directed to detections of an enhanced high-energy tail in electron fluxes, which are coincident with accelerated ions and wave Poynting flux during each magnetopause crossing. In particular, enhanced parallel ion fluxes (Fig. 13h) and wave Poynting vectors (Fig. 13a) propagated from latitudes below the spacecraft near 05:30 UT, corresponding to a clock angle near Fig. 15 . Note that the first three correspond to electron enhancements, as well as intensification in the field-aligned currents (steeper slope) from the magnetometer records denoted by the vertical dashed lines.
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• (Maynard et al., 2003b , Table 1 ). The high-energy tails of electron distributions (Figs. 13c, 13d , and 13f) are also structured. Vertical dashed lines show that each spike in the high-energy electrons lines up with parallel Poynting flux for this crossing. Similar enhancements of high energy electrons are seen at the other two crossings where principal parallel ion fluxes are from above the spacecraft and the clock angle is near 130 • . Note that if enhanced high-energy fluxes had tracked the total number flux (Fig. 13b) , this would have indicated electron heating or just an increase in density rather than a change in the distribution. However, the enhancements are strongest and deviate most significantly from the integral number flux near magnetopause crossings. While quasineutrality requires that the bulk of the electron populations must travel with the ions, electrons in the high-energy tail can move ahead and reach the ionosphere before the main population. We expect to see these electrons first near the openclosed boundary, at footprints of field lines recently opened .
Polar measurements provide evidence that electrons with sufficient energies to excite 557.7-nm emissions are a normal consequence of active merging. The skimming nature of Polar's orbit favors interpreting the enhancements observed in the high-energy electron fluxes as reflecting temporal variations in merging activity rather than spatial structure. Since the 557.7-nm emission time constant is ∼1 s, temporal variations in emissions should reflect temporal variations in the source. Away from active merging sites fluxes of electrons with E>0.5 keV is diminished. These facts support our use of 557.7-nm intensifications as proxies for active merging. To test this association, we return to the F15 measurements above Ny-Ålesund. The total magnetic perturbation in the sheet was 295 nT, which corresponds to J || of ∼0.23 A/m. The average current density out of the ionosphere was about 1.6 µA/m 2 . In crossing the sheet the average integrated number flux of down coming electrons with energies between 30 eV and 30 keV was ∼10 9 /cm 2 -s-sr. Assuming a moderately field-aligned pitch angle distribution, the electron flux measured by J4 on F15 accounts for the 1.6 µA/m 2 current density inferred from SSM measurements. Vertical dashed lines highlight parallel current maxima and tie these enhancements to the increases in the electron fluxes.
Color-coded dots shown at the top of the electron spectrogram denote the center times of the 5-s-interval of each 557.7-nm images shown in Fig. 15 . The positions of F15 mapped along the magnetic field to 190 km are indicated by the color-coded dots. The 557.7-nm images have been mapped to 190 km as before. To better illustrate correspondence between 557.7-nm emissions and precipitating electrons the range of all-sky images were extended from zenith angles of 75 • to 80 • . Comparison of Figs. 14 and 15c-15e reveal that the electron bursts observed between 09:24:00 and 09:24:30 UT match enhancements of 557.7-nm emissions. Some individual electron spectra in this region have "inverted V" signatures characteristic of field-aligned acceleration above the ionosphere. This acceleration is in addition to energies indicated by Polar as due to merging. We find that spectra outside of the "inverted V" structures have high-energy tail distributions similar to those observed by Polar when conjugate to merging sites on the magnetopause. Thus, the electron fluxes measured by DMSP appear to be the source of the 557.7-nm emissions. Plasma velocities measured by the SuperDARN radar at Hankasalmi are shown in Fig. 15a for the interval starting at 09:24 UT. Mapped positions of DMSP at three times are overlaid on the velocity data. No significant velocities were detected by SuperDARN near the mapped DMSP locations. A strong burst of antisunward flow was observed by DMSP F15 co-located with the equatorward edge of these enhanced electron fluxes (Fig. 14e) . A comparison of data in Figs. 14e with 14a and 14b shows that the large flow region is primarily in the downward current region. We also checked the RPA measurements of the in-track component of plasma drift. Significant along-track flows are seen. However, their magnitudes and variability are not trustworthy because of the effects of small changes in the spacecraft potential on the analysis of the RPA current-voltage sweeps. The antisunward flows perpendicular to the orbit track, combined with probable flow along the orbit track, suggest that the resulting plasma velocity vector was nearly at quadrature to the Super-DARN line-of-sight. This may explain why the radar did not observe flows in that region. A second, and more probable, possibility is that real signals were obscured by ground scatter in this region. Finally, we note that similar large amplitude electric fields were observed by DE-2 at the open-closed boundary (Maynard, 1985; Maynard et al., 1991) , and strong westward ion drifts in the cusp are associated with merging when B Y is positive (Maynard et al., 2003a) .
Discussion
We have shown that temporal and spatial variations in all-sky images of 557.7-nm emissions are related to variations in the IMF clock angle. The spatial position is qualitatively consistent with the conceptual diagram of Maynard et al. (2001c) , in which merging occurs around the rim of the high-latitude cusp at positions dependent on the IMF clock angle. We related the 557.7-nm emissions to a historical picture of the cusp based on 630.0-nm emission morphology, as well as SuperDARN and DMSP observations. Polar measurements show that high-energy electrons (≥0.5 keV) are emitted from active merging sites. This observation provides a plausible source for electrons responsible for the green line emissions and corroborates a suggestion of Maynard (2003 Maynard ( , 2004 ) that the 557.7-nm emissions provide "television" pictures of the merging process on the dayside magnetopause. Before using this conclusion to infer temporal and spatial properties of dayside merging, we first examine the large-scale context of the solar wind/magnetosphere interaction provided by MHD modeling.
IMF and dipole tilt control of merging locations
MHD simulations provide a useful framework for interpreting data from multiple sources and locations (e.g. Maynard et al., 2001a Maynard et al., , 2001b Maynard et al., , 2003a Maynard et al., , 2003b . The "sash", a low magnetic field region draped on the magnetopause which generally follows the anti-parallel merging locations of Crooker (1979) and Luhmann et al. (1984) , was first identified in the MHD simulations (White et al., 1998 and then observed in a multi-satellite study by Maynard et al. (2001a) . The position of the sash varies with clock angle ) and extends around the dayside at the equator for a clock angle of 180 • and no dipole tilt. Maynard et al. (2003b) showed that even for a 180 • clock angle, dipole tilts push merging sites in the noon meridian away from the equator toward higher latitudes in the hemisphere tilting away from the Sun. Russell et al. (2003) have looked for possible antiparallel merging locations on the magnetopause in MHD simulations to show that dipole tilt greatly influences the location and length of the merging separator. We use the existence of low magnetic fields on the magnetopause, found in our simulations, as a proxy for identifying locations of potential merging sites. Figure 16 presents results from a sequence of MHD simulations using the ISM model . Each panel shows the three-dimensional magnetopause formed by the last closed field lines and colored by the log of the magnetic field strength. The view is from the Sun. Green and black represent weak magnetic fields. Figure 16a shows the magnetopause for no dipole tilt and a clock angle of 135 • , the prevalent clock angle for data used in the present study. Note that the green regions signifying low magnetic field strengths are at high latitudes in opposite hemispheres and are clearly split. In Fig. 16b a 17 • forward dipole tilt is added. The green region now extends along the dayside on the front rim of the cusp in the Southern Hemisphere. The Northern Hemisphere merging site moves to mid latitudes on the flank. The simulation in Fig. 16c has no dipole tilt, but a negative IMF B X has been added. Crooker (1992) , in a study of effects on lobe cell merging, first recognized the complementarity of both dipole tilt and B X , concluding that they have comparable effects on merging. The results appear similar to Fig. 16b where the low field region extends toward noon along the front rim of the Southern Hemisphere cusp. In this case the merging region is intermittent and located near the site of the first contact with the IMF. This has an opposite effect to the dipole tilt seen in Fig. 16b. Figures 16d and 16e Figure 16e generalizes the result of Maynard et al. (2003b) at the noon meridian to show that the merging site moves to southern high latitudes all along the dayside. Figure 16f simulates a winter solstice situation with −B X , except that the clock angle is −135 • to place the Northern Hemisphere merging site on the dawn side of noon. The green region extends across noon at northern high latitudes and the Southern Hemisphere green region moves closer to the equator. Attention is directed to a patch of green close to the dusk side of the nose. This is a time-dependent feature similar in nature to Note that a few field lines from both hemispheres meet near the nose in the temporally varying green patch. The size of this patch is ∼1 R E , and associated field lines follow paths completely different from their neighbors. In comparing this with experimental results presented above, recall that the prenoon region of the simulation must be compared to the postnoon results in the observations.
Figures 16 and 17 clearly show high-latitude merging regions in both hemispheres on opposite sides of noon. For some clock angles and tilts, the merging region clearly bifurcates in local time as well as by hemisphere. As the clock angle and tilt change, the central region closer to noon may or may not develop new merging sites. Thus, MHD simulations identify three potential merging sites. Very large tilts not only cause the central merging site to move toward high latitudes, but also cause the side merging site in the hemisphere tilted toward the Sun to move closer to the equator. The presence of B X excites transient merging events in the central region, near where the phase plane first contacts the magnetopause. The simulations suggest that, except for these transient events, merging in the middle segment occurs at high latitudes near the front rim of the cusp in the hemisphere tilted away from the Sun.
Spatial structure of the source regions
The simple concept of cusp bifurcation (Maynard et al, 2001c; Coleman et al.; Chisham et al., 2002a) applies when B Y is the dominant component. Measurements shown in Fig. 12 suggest that there may be three source regions, and MHD simulations (Figs. 16 and 17) corroborate this conjecture. When the IMF clock angle is ≥135 • , potential merging sites may develop along the rim of the cusp in the hemisphere tilted away from the Sun, dividing the cusp into three segments. This is apparent in comparing Fig. 12 with other all-sky images. The source bifurcation, marked by the orange circle in Fig. 12 and in Figs. 8 and 9, remains near 13:00 MLT for at least 30 min. This also suggests that the shift in emissions to earlier MLTs as the clock angle increased (Figs. 7 and 9) located their source in the middle segment. Figure 12 also shows a second change in the character of prenoon emissions. In the middle region 557.7-nm emissions are variable, while the 630.0-nm emissions are strong. Figures 12e and 12f imply that the merging transitions to the side area, located post 13:00 MLT as the clock angle rapidly decreases. The post-13:00 MLT location is consistent with the findings of Maynard et al. (2003b) that merging was at high latitudes for clock angles <150 • . In their 12 March 2001 event with a clock angle of ∼135 • , the merging location mapped close to 14:00 MLT. The 160 • clock angle associated with most of the data in Fig. 12 and the strong emissions suggest that merging may be following the low field locus at high latitudes indicated by the simulations. The lack of significant prenoon 557.7-nm emissions argues for an opposite hemisphere source for that segment of the cusp. Emissions near 13:00 MLT in Fig. 9a tend to extend across the gap, as do the 557.7 nm emissions in this situation, with a clock angle approaching ∼180 • . Multiple source regions may be active when the tilted IMF phase plane impacts the magnetopause, especially when the IMF is changing. Due to the tilt of the phase plane, draping will take longer in the hemisphere away from the tilt, delaying merging in that hemisphere relative to the other. Because real conditions continually change, the character of the middle segment will routinely alter in time. Note that Figs. 16 and 17 suggest that the location of merging in the middle segment may often be at high latitudes near the front rim of the cusp when there is significant dipole tilt. The high-latitude location is significantly different from component merging separators which pass through the sub-solar region (e.g. Gonzales and Mozer, 1974) . In addition, the simulations show that transient events may occur at a more sub-solar locale. Evidence for multiple sources for DMSP cusp particles has also been presented by Wing et al. (2001) , who suggested that high-latitude and sub-solar merging regions can be active together.
Implications relative to the source electrons
We have used Polar measurements with signatures of merging identified by Maynard et al. (2003b) to suggest a plausible source for electrons that produce 557.7-nm emissions. Where parallel Poynting flux is enhanced and ion acceleration is observed, the electrons have a high-energy tail with significant fluxes >500 eV (Fig. 13) . These electrons may run ahead of the bulk population to be first to travel down the magnetic field line to the ionosphere and create the emissions. As they emerge from the merging site along the separatrix, their ionospheric footprints should be close to the open-closed boundary. Figures 14 and 15 connect DMSP electron observations with the short-duration enhancements in 557.7-nm emissions. Filamentary electron structures were observed on the first sounding rocket into the cusp (Maynard and Johnstone, 1974) . The observed electron bursts had significant fluxes above 500 eV. Liouville's theorem was used to show that the phase space densities were similar to those in the magnetosheath. Maynard and Johnstone postulated that small regions of direct access were imbedded within the larger cusp region. Their observations have similarities to the structured precipitation reported here. In addition, Moen et al. (2001b) hypothesized that reconnection was associated with an observation of 1-2 keV cusp electrons, measured by Cluster, and with Type 7 aurora (Sandholt et al., 1998) in the post-16:00 MLT sector.
Some of these electrons appear to be accelerated above the energies observed by Polar with the characteristic signature of acceleration from a field-aligned potential above the ionosphere. Alfvén waves carry field-aligned currents along the separatrix, communicating the new magnetic field configuration at the magnetopause. Just as in the upward current region of the nightside aurora, field-aligned potentials and electron acceleration develop when the immediate source of electrons in the loss cone is inadequate to carry the required field-aligned current (Lyons, 1981) .
A second aspect of particle acceleration at the merging site is that when merging occurs at high latitudes, the flow in the magnetosheath away from the stagnation point at the nose influences the energy of the particles in the two exhaust regions. Just as ions may be decelerated rather than accelerated by merging in the upstream exhaust (Scudder, 1984; Aggson et al., 1984) , we may expect electrons that propagate away from the separator to the near (far) ionosphere to be at higher (lower) energies. During this whole sequence, no 557.7-nm emissions were seen in the prenoon segment of the cusp, a region which we have suggested is tied to a Southern Hemisphere source. This contrasts with prenoon observations of temporally and spatially dependent 557.7-nm emissions when B Y is negative (Maynard, 2003b) , which are analogous to postnoon observations presented here when B Y is positive. Electrons coming from the upstream side of the separator are expected to have less energy and may not produce optical signatures when they finally make it to the opposite hemisphere. Emissions should be strongest when the source electrons are produced by merging near the front rim of the cusp in the local hemisphere. Merging products from the local hemisphere reach the ionosphere more quickly than those from the opposite hemisphere. Convection displaces the parts of the boundary controlled from the opposite hemisphere poleward, or in this case, toward dawn as well. Thus, the spectral-width boundary ceases to indicate accurately the open-closed boundary which may shift significantly poleward depending on the convection speed. Subsolar merging causes a similar but less pronounced poleward displacement of the spectral width boundary. Strong velocities toward Pykkvibaer in Fig. 11 (highlighted by the red square), which straddle the western boundary segment, must be located poleward of the openclosed boundary and driven from the Southern Hemisphere. The plasma velocities observed by the Hankasalmi radar are poleward of those seen from Pykkvibaer. Hence, the combined vector is directed antisunward and toward dawn, a direction expected from convection patterns located poleward of the convection reversal (e.g. Weimer, 2000) . Boundaries shown in Figs. 10 and 11 and at other times analyzed, but not shown, indicate significant differences in latitude of the two spectral-width boundary segments, consistent with opposite hemisphere merging (Chisham et al., 2002a, b) . This pre-noon region has no 557.7-nm emissions. Near Ny-Ålesund we see 557.7-nm emissions associated with the southward turning of the IMF. The western segment of the spectral-width boundary in Fig. 11 is close to the emission boundary, but is still poleward. The location is well post-noon. Maynard et al. (2003b) showed that dipole tilt displaces merging off the equator away from the tilt, even for pure southward IMF. This suggests that the optical response to the southward turning still places merging in the Northern Hemisphere, but perhaps equatorward of the cusp rim as with merging in the post-13:00 MLT segment (yellow and red fiducials in Figs. 4-7) . The ISM simulation results (Fig. 17) show a poleward displacement of the merging region across noon. Maynard et al. (2001b) found that because of tilted phase planes, the two hemispheres can respond to the same IMF signal at very different times. Weimer et al. (2002) found that the tilt of these phase planes could change significantly on scales of tens of minutes. In the present case, the dipole tilt causes a first impact to occur near a Southern Hemisphere merging site. A change in clock angle to ∼180 • at ACE appears to be related to Northern Hemisphere signatures with a 69.5-min lag at 09:56 UT. It is reasonable that the prenoon Southern Hemisphere merging site sees and responds to this change at an earlier time. We suggest that the brief change in velocity from toward to away near the western segment of the spectral width boundary seen at Pykkvibaer (highlighted by the red box in Fig. 10 ) represents a Southern Hemisphere response to that brief change in clock angle. Again, we observed no 557.7-nm optical responses from this region. The first indications of 557.7-nm signals related to the IMF turning which occured at 09:53:30 UT in Fig. 2 , which is tied to earlier variations in the IMF with positive B Y . The exact nature of the reaction in the Southern Hemisphere is not discernible from our data set.
Temporal and spatial structure of merging
When IMF clock angles are ≤150 • most 557.7-nm emissions appeared after 13:00 MLT and are probably associated with the subset of cusp aurora that Sandholt et al. (1998) identified as category 5 or 7. We associate this with high-latitude merging in the local hemisphere. The location of these 557.7-nm emissions is consistent with the SuperDARN proxy for the open-closed field line boundary. Both the optical and SuperDARN data fit the spatial snapshot given by a concurrent DMSP pass. We identified a probable source of the 557.7-nm emissions as the high-energy tail of the electron distribution from electrons accelerated in the merging process on the magnetopause. These electrons are detected by Polar when active merging is present. In making this association, spatial and temporal variations, evident in Figs. 4 and 5, constrain and clarify our picture of the variability of magnetopause merging.
First, merging can occur simultaneously at multiple locations and, in this data set, does not appear to be steady at any location. Preferred merging sites closely follow the IMF clock angles. Second, merging at particular locations occurs on time scales of 30 s to several minutes. That an individual site turns off does not mean that the overall merging process has completely stopped. Third, from 09:35 to 10:00 UT, 557.7-nm emissions never completely vanish. Flow enhancements may be associated with each region when it activates, as observed by Maynard et al. (2003b) in the SuperDARN and Cluster data, but the net flow is spread out in the large convection cell. Merging is an intermittent process consistent with expectations for regions where the tangential component of magnetosheath plasma velocity exceeds the Alfvén speed (Rodger et al., 2000; Scudder, 1984) . These conclusions apply to high-latitude merging in the local hemisphere. The Southern Hemisphere merging site may be operating similarly but with different structures, and is perhaps responding to a different portion of the solar wind data stream. Note that Maynard et al. (2001c) detected localized optical responses to opposite hemisphere merging near the tip of the small convection cell represented in inertial coordinates.
Field lines, tied to the opposite-hemisphere merging sites, drape over the magnetopause and unwind as they are pulled tailward by the solar wind, forming an open boundary layer at the magnetopause (Maynard et al., 2001a) . In this region the effects of multiple merging sites may be more concentrated in driving convection in the ionosphere from their draping. Fast flow in the throat region between the two cells is evident in the convection patterns (Heppner and Maynard, 1987) . DMSP F13 data in Fig. 2 show the fast flow and cusp particles near 10:00 MLT, but the electrons poleward of the open-closed field line are lower in energy and do not produce fast-response 557.7 nm signals.
Summary
We conclude that magnetic merging at the dayside magnetopause is temporally varying on time scales of 30 s to 3 min and occurs asynchronously at multiple sites simultaneously. These conclusions are based on the variability of 557.7-nm emissions in high-temporal resolution all-sky images.
To establish the validity of interpreting all-sky images of ionospheric 557.7-nm emissions as "television" pictures of merging events at the magnetopause (Maynard, 2003 (Maynard, , 2004 , we have analyzed images acquired on 19 December 2001, at 10-s intervals at Ny-Ålesund. Characteristic variations in the optical measurements coincided with times when significant variations in the IMF clock angle should reach the magnetosphere, based on the variable lag time analysis (Weimer et al., 2002) of ACE and Cluster data. Responses in the highresolution images also correlate with spectral-width boundaries and velocities measured by two SuperDARN radars.
A plausible mechanism for the source of the emissions is the high-energy tail of the electrons energized at the merging site. Polar observations at the magnetopause during merging events provide direct evidence (albeit at other times) that links enhanced high-energy tails of the electrons with merging. A DMSP F15 overflight measured the actual electron fluxes causing the emissions. In some cases, these fluxes exhibited "inverted-V" structures, indicating the probable occurrence of additional acceleration above the ionosphere. Magnetometer measurements placed these fluxes in regions of upward field-aligned currents.
Comparisons of optical and SuperDARN data suggest that the cusp divides into three source regions for positive IMF B Y conditions. Emissions were located east of 13:00 MLT when clock angles were ∼150 • . For larger clock angles emissions were seen between noon and 13:00 MLT. No significant 557.7-nm emissions were detected in the prenoon region. MHD simulations indicate that the source for the post 13:00 MLT emission is near the rim of the high-latitude Northern Hemisphere cusp. The prenoon source region is tied to the Southern Hemisphere merging site. Simulations also suggest that the source of the emissions between 12:00 and 13:00 MLT for very large clock angles is likely to be near the front rim of the Northern Hemisphere cusp. For a positive dipole tilt merging moves off the equator, away from the tilt, to higher magnetic latitudes in the Southern Hemisphere, even for IMF clock angles of 180 • (Maynard et al., 2003b) . For winter solstice tilts it moves to the front rim of the Northern Hemisphere (Fig. 19) . Furthermore, simulations show transient effects in the noon region, where time-dependent merging may occur near sites of the first contacts of interplanetary electric field phase planes with the magnetopause and at lower latitudes in the opposite hemisphere.
Our results establish that 557.7-nm images represent new tools for investigating the spatial and temporal evolution of the merging process. These images constrain possible interpretations of the locations and rates of the process. Future studies of other events using two-dimensional pictures afforded by such images promise to reveal more about the complex coupling of the solar wind to the magnetosphereionosphere system.
